A general formulation utilizing three-body kinematics was developed to analyze the final-state momentum distributions of the electron, the recoil, and the projectile ion, for the ionization process in ion-atom collisions. Information on ionization dynamics can be identified and analyzed from the perspective of momentum distributions. The mechanism of electron capture into the projectile continuum was found to contribute a finite value at the kinematical threshold in the longitudinal recoil-ion momentum distribution. Detailed calculations using the continuum distorted wave-eikonal initial state approximation are compared with two recent measurements on momentum distributions of the recoiling ion and the ionized electron in single ionization of He by protons and by highly charged projectiles.
I. INTRODUCTION
The ionization process in ion-atom collisions provides fertile ground to test our understanding and our ability to describe the breakup of basic Coulombic three-body systems. While much of our knowledge of ionization dynamics originates from the study of the ejected electron spectra and some from the projectile angular distributions, recent developments in recoil-ion momentum spectroscopy have added new dimensions for the detailed study of ion-atom collision dynamics. Momentum distributions of the recoiling ions and the electrons have been carried out in the last few years ͓1-7͔. Together with the measurements of ejected electron spectra and the projectile angular distributions, these measurements offer a wealth of information on ionization dynamics and can serve as a stringent test for theory.
Most of the existing theoretical analysis on recoil-ion momentum distributions have been carried out using the n-body classical trajectory Monte Carlo method (nCTMC͒ ͓1,2,4-6͔. The momentum distributions of the recoil ions, however, are not independent of the momentum distributions of the scattered projectiles and/or of the ejected electrons. In a recent paper, Rodríguez, Wang, and Lin ͓8͔ analyzed the longitudinal recoil-ion momentum distributions in ion-atom ionization by considering the three-body kinematics. Using the continuum distorted wave-eikonal initial state ͑CDW-EIS͒ approximation ͓9͔, it was shown how the most important ionization mechanisms in fast ion-atom collisions can be identified from the recoil-ion momentum distributions. These include: electron capture into the projectile continuum ͑ECC͒ ͓10-12͔, the emission of soft electrons ͑SE͒ ͓13͔, and projectile-electron binary collisions ͓14͔. The analysis was demonstrated for single ionization of He by protons ͓8͔ and by highly charged Ni 24ϩ ions ͓15͔. The only other published ''non-CTMC'' calculations were done in 1991 by Fukuda et al. ͓16͔ who used the first Born and the eikonal distortedwave approximations to calculate the recoil-ion momentum distributions. Recently the CDW-EIS method was also used by O'Rourke, Shinamura, and Crothers to analyze the transverse recoil-ion energy distribution ͓17͔. However, none of these calculations addressed the important consequences of three-body kinematics on longitudinal recoil-ion momentum distributions that were detailed in ͓8͔.
While the major features of ionization dynamics at high velocities are relatively well understood ͓18,19͔, mechanisms of ionization at intermediate to low energies and by highly charged ions are still a subject of great controversy. In the low-energy region, ionization is a rather weak process compared with the dominant charge transfer. This is also the region where the Coulomb interactions among the three charged particles in the final state are expected to play an important role. In terms of total ionization cross sections, ionization of one-electron targets by protons and by highly charged ions has been addressed using the adiabatic electron superpromotion model ͓20-22͔ and by the extensive twocenter close-coupling method of Wang et al. ͓23͔ . Experimental data on the momentum distributions of the ionized electrons will undoubtedly be useful to help better clarify the validity of the theoretical models and to provide insights into the importance of final-state interactions among the three charged particles.
In this paper, the analysis of recoil-ion momentum distribution reported in ͓8͔ is further developed. Our goal is to give a complete determination of the final-state momentum distributions for the electron, the projectile, and the target recoiling ions. From these distributions, we identify and describe the important features of the ionization dynamics. The method is used to analyze the recent measurements by Dör-ner et al. ͓6͔ and by Kravis et al. ͓7͔ for momentum distributions of the recoil ions and electrons in the single ionization of helium atoms. Comparisons with other theoretical approaches are made wherever available. Throughout this
The most detailed information about single ionization of atoms by heavy-ion impact can be obtained experimentally from the measurement of five of the nine momentum components for the three particles in the final state. The other four components can be deduced from energy and momentum conservation of the three particles. Naturally there are numerous ways to define the quintuply differential cross sections. One choice that has been studied extensively in ionatom ionizing collisions is the quintuply differential cross section in projectile scattering angle (⍀ P ) and the ejected electron energy ( e ) and angle (⍀ e ):
where T i f is the transition matrix, and is the reduced mass. Equation ͑1͒ is given in the center-of-mass frame. For heavyion collisions, we may also introduce
the quintuply differential cross section relating the transverse momentum transfer ( ជ ) and the electron momentum ( p ជ e ).
Here v ជ is the velocity of the projectile and the momentum transfer is
is the initial ͑final͒ momentum of the projectile. Integrating over ⍀ P ( ជ ), we can obtain the doubly differential cross section in electron energy ͑momentum͒ and angle. In this paper, our goal is to study the momentum distributions of the recoiling ion and the electron. It is thus desirable to consider a quintuply differential cross section relating the recoil-ion momentum p ជ R and the electron momentum p ជ e . Below we obtain the quintuply differential cross section d 5 /dp ជ eЌ dp ជ RЌ dp R͉͉ from d 5 /d ជ dp ជ e by means of energymomentum conservation.
The longitudinal momentum balance for the three particles along the incident beam direction,
where p P͉͉ is the longitudinal momentum transfer of the projectile, ͉ i ͉ is the ''binding energy'' of the target atom in the initial state, and e is the ejected electron energy. This equation is correct to O(1/M P ) and O(1/M T ), where M P (M T ) is the mass of the heavy projectile ͑target͒. The fact that the longitudinal projectile momentum transfer is related to the Q value of the system leads to the simple transformation among longitudinal momentum distributions of the projectile, the electron and the recoiling ion. It also connects the longitudinal recoil-ion momentum distributions with the electron spectroscopy ͑DDCS͒ ͓8͔. On the other hand, the transverse momentum conservation
does not lead to any simple transformation. It would then be more convenient to obtain transverse momentum distributions from the T matrix. Details will be given later. Using Eqs. ͑3͒ and ͑4͒, we can show that d 5 dp ជ eЌ dp ជ RЌ dp R͉͉
where the Jacobian ͉J͉ is given by
͑6͒
This expression yields differential cross sections relating all three particles. The various forms of the quintuply differential cross sections introduced above are related to each other through the fundamental laws of energy and momentum conservations. They are directly related to the transition T matrix and can be used to derive a variety of differential cross sections of fewer dimensions. ''Complete'' experiments, where the momentum of each of the three particles in the final state is determined, are a standard technique in electron impact ionization studies (e2e). For ion-atom collisions they only recently became feasible ͓24͔ and no fivefold differential cross sections have been published so far to our knowledge. However, much information on ionization dynamics can be obtained by studying differential cross sections concerning one or two of the three particles. In the following we derive some differential cross sections suitable for the description of final-state momentum distributions in ion-atom ionizing collisions.
B. Recoil-ion momentum distributions
Let us first consider the longitudinal recoil-ion momentum distributions, d/dp R͉͉ . From the energy-momentum conservation relation Eq. ͑3͒, we can show that the recoil-ion momentum distribution is related to the doubly differential cross section in electron energy and angle ͑DDCS͒ ͓8͔, 2 . The basic kinematic relation given in Eq. ͑3͒ imposes a severe constraint on the longitudinal momentum distribution in ion-atom ionization. In ͓8͔, Rodríguez, Wang, and Lin first pointed out that there is a kinematic threshold in the longitudinal recoil-ion momentum distribution given by
At p R͉͉ ϭp R͉͉ min electrons are emitted at zero degrees with the same velocity v as the projectile. This corresponds to electron capture into the projectile continuum ͑ECC͒. The ECC electrons are characterized as a cusp ͑Coulomb divergence͒ in the zero-degree DDCS spectroscopy. In the longitudinal recoil-ion momentum distribution, however, these electrons contribute to a finite cross section. This can be understood since the upper and lower integration limits in Eq. ͑7͒ approach the same value at ECC ͑i.e., p e ϩ ϭp e Ϫ ϭv). Measurements on the longitudinal recoil-ion momentum distributions can therefore provide unambiguous evidence for the ECC ionization mechanism.
We now turn to the transverse recoil-ion momentum distribution d/dp RЌ . Using the quintuply differential cross section introduced in Eq. ͑5͒ we can see that the transverse recoil-ion momentum distribution is expressed as d dp RЌ ϭ2p RЌ ͵ dp ជ eЌ ͵ Ϫϱ ϱ dp R͉͉ d 5 dp ជ eЌ dp ជ RЌ dp R͉͉ .
͑10͒
The kinematic relation of Eq. ͑4͒ will be used to carry out the integrations. It should be pointed out that projectile-target internuclear interaction is known to make an important contribution to the projectile angular distribution. It also affects the transverse recoil-ion momentum distribution.
C. Electron momentum distributions
Experiments on electron momentum distributions in coincidence with recoil-ion momentum distribution have only been done very recently. Kravis et al. ͓7͔ measured electron momentum distributions in single ionization of He by protons and by C 6ϩ ions at low to intermediate energies. Moshammer et al. ͓5͔ measured longitudinal electron momentum distributions in single ionization of He by highly charged Ni 24ϩ ions. Theoretically, both the longitudinal and the transverse electron momentum distributions can be obtained directly from the DDCS or from the transition T matrix.
For a given p e͉͉ , the longitudinal electron momentum distribution d/dp e͉͉ can be obtained by integrating the DDCS over the electron energy, d dp e͉͉
The integral is regular everywhere except at the ECC where p e͉͉ →v. In the neighborhood of p e͉͉ ϭv, the derivative of d/dp e͉͉ is discontinuous. The change of slope across p e͉͉ ϭv arises from the behavior of the DDCS at the ECC. The transverse electron momentum distribution is not influenced by the internuclear interaction. One can obtain d/dp eЌ from the DDCS, d dp eЌ
where p e͉͉ 2 ϩp eЌ 2 ϭ2 e . In the experiment of Kravis et al. ͓7͔ , the momentum projection along the y axis was also measured. The y-direction electron momentum distribution can be obtained by d dp ey ϭ ͵ Ϫϱ ϩϱ dp ex ͵ Ϫϱ ϩϱ d dp ជ e dp ez , ͑13͒
where d dp ជ e
The perpendicular distribution d/dp ey is symmetric about p ey ϭ0.
D. Projectile momentum transfer distributions
The longitudinal projectile momentum transfer distribution d/dp P͉͉ is simply related to the singly differential cross section of the ejected electron:
From Eq. ͑3͒, the longitudinal projectile momentum distribution starts at p P͉͉ ϭ͉ i ͉/v, corresponding to zero-energy electron emission. For fast collisions, the longitudinal projectile momentum transfer distribution decreases with increasing p P͉͉ . The distribution resembles the single differential cross section in electron energy. Since p P͉͉ is related to the collision Q value ( p P͉͉ ϭQ/v), the longitudinal projectile momentum transfer is a measure of the overall inelasticity of the collision process. The transverse projectile momentum transfer distribution d/dp PЌ follows from Eq. ͑2͒, d dp PЌ
where ជ ϭ p P ជ Ќ . Collision dynamics on the transverse projectile momentum distribution may be obtained from the conventional measurement of the projectile scattering angle P since Ϸv P , for small P . However, measurement of the projectile angular distribution in fast ion-atom collisions is quite difficult because of the extremely small deflection of the projectile ͓25-28͔. On the other hand, it is much easier to measure the transverse recoil-ion and ejected electron momenta. The conservation of transverse momentum in Eq. ͑4͒ can be used to extract information on projectile transverse momentum.
III. RESULTS AND DISCUSSION
The formulation outlined in Sec. II is quite general and independent of theoretical model͑s͒ used for evaluating the transition T matrix. However, no exact solution for threebody breakup is available. In this paper we employed the CDW-EIS approximation of Crothers and McCann ͓9͔ to evaluate T i f . The CDW-EIS model has the salient feature that the ionized electron sees the Coulomb field from both the target and the projectile ions. The wave functions employed by the CDW-EIS satisfy the correct asymptotic boundary conditions of the Coulombic three-body problem. This model includes effects due to the long-range nature of the target and the projectile interactions in the entrance and exit channels. It has been proven to be quite successful in describing the ionization of atoms by protons, antiprotons and by highly charged ions. Concerning the details of this method and its application to the study of ejected electron spectroscopy, a review has been given by Fainstein, Ponce, and Rivarola ͓19͔.
The standard CDW-EIS approximation of Crothers and McCann ͓9͔ was developed for ionization of a hydrogenic atom by a bare ion. Following the work of Fainstein, Ponce, and Rivarola ͓29͔, we used an independent electron model to treat the two-electron helium target. The initial target atomic state is described by the Hartree-Fock wave function and the final state is given by the hydrogenic wave function with an effective charge. We could have also adopted the recent approach of Gulyás, Fainstein, and Salin ͓30͔ who replaced the hydrogenic final Coulomb function with numerical continuum wave functions obtained from the Hartree-Fock potential. The advantage would be that the continuum functions are orthogonal to the bound ones. However, the use of numerical wave functions will make the evaluation of multiple integrals in the momentum distributions more complicated and the main features of the results are not expected to change due to this improvement.
The independent electron model adopted here is basically identical to what has been in use for treating single-electron processes in collisions with multielectron targets ͑cf. ͓31͔͒. The model is expected to be less applicable for collisions at lower energies. For the dominant collision process this is expected to be valid to the first order. The present model adopts the same approximation, with the emphasis on the momentum distribution of the collision products.
In this paper we also evaluated T i f using the first Born approximation ͓32͔. Comparison between the CDW-EIS and the first Born approximation is used to demonstrate the importance of including the long-range projectile ion-target electron interaction in the final state.
In the following we present detailed results for final-state momentum distributions in the ionization of helium by protons and by some highly charged ions for which the measurements have been done. In carrying out the CDW-EIS and the first Born calculations, we used two different effective charges Z T . The first is Z T ϭ1.344, arising from the ionization potential of the He atom ( i ϭϪ0.903 a.u.͒. The second is the variational charge Z T ϭ1.688. Magnitudes of the cross sections obtained from the two effective charges generally differ by no more than 20%. For clarity of the presentation, we present results obtained with Z T ϭ1.344.
A. Longitudinal recoil-ion momentum distributions
At intermediate to high collision energies, Dörner et al. ͓6͔ measured the longitudinal recoil-ion momentum distributions in single ionization of He by fast protons. In Fig. 1 , we compare their measurements with the present CDW-EIS and first Born calculations for ionization of He by protons at 0.25, 0.5, and 1 MeV. The overall agreement between the calculations and measurements is excellent.
The longitudinal recoil-ion momentum distributions at the three energies shown in Fig. 1 have similar shapes. Each distribution shows a single peak centered around p R͉͉ ϭ0. Cross sections drop rapidly on both sides of the peak. It is clear that the peak in the longitudinal recoil-ion momentum distribution corresponds to the emission of low-energy electrons. These so-called SE are most important in the total ionization cross section. Results shown in Fig. 1 reflect the importance of soft-electron emission from the perspective of recoil-ion momentum distributions.
The peak position in the longitudinal recoil-ion momentum distribution needs more detailed analysis. Since we have identified the peak as being due to the emission of soft electrons, we would expect the peak position at p R͉͉ ϭp R͉͉ s ϭ͉ i ͉/v, which corresponds to the extreme situation in Eq. ͑3͒ where electrons are emitted with zero energies. If this were true, we would expect that the peak position for ionization of He by 0.25-, 0.5-, and 1-MeV protons would appear at 0.29, 0.20, and 0.14 a.u., respectively. However, a careful observation of Fig. 1 shows that the peak position in the longitudinal recoil-ion momentum distribution is generally shifted to a lower value of p R͉͉ . The distribution is thus backward shifted. In fact, the momentum distributions at the three collision energies are all peaked near p R͉͉ ϭ0. The enhancement of the longitudinal recoil-ion momentum distribution in the backward direction is due to the enhancement of low-energy electrons emitted in the forward direction. The enhancement of forward low-energy electrons is a wellknown phenomenon in electron spectroscopy and has been studied in both theory and experiment ͓13,33͔.
In Fig. 1 , the peak position predicted by the CDW-EIS theory is in excellent agreement with the experimental observation. We note that the simple first Born approximation also predicted a backward shift in the longitudinal recoil-ion momentum distribution although the magnitude of the shift is too small. This is not surprising. The first Born approximation is known to partially account for the enhancement of electrons emitted in the forward direction ͓33͔. With the increase of projectile energy, the backward enhancement of the longitudinal recoil-ion momentum distribution decreases and the peak position moves to p R͉͉ s . Also, the difference between the CDW-EIS and first Born approximations diminishes with increasing projectile velocity.
In Sec. II, we pointed out that there is a kinematic threshold characterizing the electron capture into projectile continuum in the longitudinal recoil-ion momentum distribution. In Fig. 1 , we can identify the kinematic threshold according to Eq. ͑3͒. At 0.25 MeV, we can see a clear threshold at p R͉͉ min ϭϪ1.296 from the CDW-EIS calculation. The measured data below this value could be ascribed to background noise and should be discarded. At higher energies, the cross section near the threshold becomes much smaller. There is not enough statistics in the data to indicate the threshold. Since the ECC threshold is a pure kinematic effect, it cannot depend on the projectile charge. In the same paper, Dörner et al. ͓6͔ also reported measurement for ionization of He by He 2ϩ ions at 0.25 MeV/amu. The threshold occurs at the same p R͉͉ as in the ionization by 0.25-MeV protons.
Dörner et al. reported calculations using the classical trajectory Monte Carlo (nCTMC͒ method ͓6͔. The peak position for the longitudinal momentum distribution predicted by the nCTMC is consistently shifted to smaller p R͉͉ as compared with the experiment. In other words, the nCTMC predicted an even larger backward shift in the longitudinal momentum distributions than the CDW-EIS theory and the experiment. Furthermore, the agreement between nCTMC and the experiment does not seem to improve as the projectile energy is increased. In fact, the nCTMC shows the worst agreement with the experiment at 1 MeV, which is the highest collision energy measured. In our calculations, the CDW-EIS approaches the first Born approximation with increasing projectile velocity. The agreement with the experiment is also improved at higher energies. Our integrated total ionization cross sections at the three collision energies are in good agreement with those reported by Shah and Gilbody ͓37͔.
Dörner et al. ͓6͔ also reported the longitudinal recoil-ion momentum distributions at a given transverse recoil-ion momentum. We will discuss this measurement in Sec. III B.
B. Transverse recoil-ion momentum distributions
The transverse momentum distribution in ion-atom ionization represents a delicate energy-momentum balance among all collision particles ͓see Eq. ͑4͔͒. The measurement of the transverse recoil-ion momentum distribution can probe the impact parameter dependence of the collision process. Previously, our understanding of transverse momentum balance was largely based on measurements of projectile angular distributions ͑cf. ͓25-28͔͒. Such measurements are undoubtedly quite difficult at high velocities. With recent progress in recoil-ion momentum spectroscopy, it has become possible to measure the transverse recoil-ion momentum distribution.
In Fig. 2 , we compare our calculations with the recent measurement of Dörner et al. ͓6͔ for single ionization of He by 0.5-MeV proton impact. The transverse recoil-ion momentum distribution is presented as a function of the ratio between the transverse-recoil ion momentum (p RЌ ) and the initial projectile momentum ( p 0 ϭM P v). There is a relatively large difference between the theory and the measurement at large p RЌ . This is expected because the standard CDW-EIS formulation ͓9͔ does not include the internuclear interaction between the projectile and the target nucleus. In the previous calculations on the projectile angular distribution, it was shown that projectile-target internuclear interaction makes an important contribution at large scattering angles ͓16,35,36͔. The projectile-target internuclear interaction accounts for projectile angular distributions beyond the critical angle P c ϭ0.55 mrad representing the maximum scattering angle for a proton being deflected by an electron at rest in a binary projectile-electron collision. In the case of the transverse recoil-ion momentum distribution, however, the role of projectile-target internuclear interaction is less clear because of the delicate momentum balance Eq. ͑4͒ among the three particles in the final state. In Fig. 2 , it does not seem to be obvious to identify a region where the internuclear interaction is more important although discrepancies between the present CDW-EIS theory and the measurement increase with increasing p RЌ .
In Fig. 3 , we compare the calculated longitudinal recoilion momentum distributions for various transverse momenta ranging from p RЌ ϭ0 to 7 a.u. with the measurement of Dör-ner et al. ͓6͔ for pϩHe ionization at 0.5 MeV. Our calculations show similar dependence on transverse momentum as observed in the experiment. Cross sections decrease rapidly with increasing transverse momentum. The observed momentum distributions are well described by the present theory for p RЌ between 0 and 3 a.u. The agreement between theory and experiment becomes worse with increasing p RЌ , indicating again the increasing importance of the internuclear interaction. Experimental uncertainties also increase with p RЌ . In Fig. 3 , the ECC mechanism is shown in the calculations as a finite value at the kinematic threshold p R͉͉ min ϭϪ2.034 a.u. We point out that at the ECC, the transverse recoil-ion momentum p ជ RЌ exactly balances off the transverse projectile momentum transfer ជ since p ជ eЌ ϭ0.
The broadening in the momentum distribution shown by the experimental results is also present in the theoretical calculations. It follows from the increasing importance of the finite value at threshold. Dörner et al. reported the nCTMC calculations for their measurements ͓6͔. The nCTMC results also show large discrepancy with experiment on the shape of the longitudinal momentum distribution at large p RЌ . It does, however, reproduce the single differential cross section as a function of recoil transverse momenum quite well, since it includes the internuclear interactions classically.
C. Electron momentum distribution
At high velocities, Dörner et al. ͓6͔ extracted the transverse electron momentum distribution d/dp eЌ in single ionization of He by 0.5-MeV protons from the doubly differential electron spectra measured by Rudd, Toburen, and Stolterfoht ͓37͔. In Fig. 4 , both the CDW-EIS and the first Born calculations agree with the data quite well since the projectile energy is sufficiently high. It should be pointed out that this distribution is calculated from the DDCS ͓see Eq. ͑12͔͒, and therefore does not depend on the inclusion of the internuclear interaction in the calculations. This is true since the DDCS are obtained by integrating over the projectile scattering angles. In the figure we can see there is a change of slope at p eЌ / p 0 Ϸ0.5ϫ10
Ϫ3 . This is also related to the critical scattering angle P c Ϸ0.55 mrad. In this limit case the ejected electron carries out a transverse momentum p eЌ ϭv. Beyond that point the projectile-electron binary collision mechanism cannot contribute and the distribution decreases quickly. information on the momentum space distribution of the ionized electrons in the presence of two Coulomb potentials. Below we focus on the longitudinal electron momentum distribution.
In Fig. 5 , we compare the CDW-EIS and the first Born calculations for the longitudinal electron momentum distributions d/dp e͉͉ in ionization of He by protons at vϭ2.39, 1.71, and 1.15 a.u. ͑or Eϭ143, 73, and 33 keV͒. Though the Born approximation is not supposed to be valid at such low energies, it is interesting to see how it does in predicting the momentum distributions. For ionization of He by protons, the CDW-EIS theory is shown to be able to give accurate total cross sections ͓9,19͔ at energies as low as 30 keV. The present CDW-EIS calculations agree very well with the measurements. Most importantly, the CDW-EIS theory correctly predicts the peak position in the electron momentum distribution at the three energies. The peak position predicted by the first Born approximation is almost independent of the projectile velocity, indicating that it does not include the final-state interactions. We should point out that even the Born approximation does not give the peak position at p e͉͉ ϭ0. That would be the case only if the soft electrons are emitted isotropically. This fact is also reflected in the description of the longitudinal recoil-ion momentum distribution where the first Born approximation resulted in a backward shift ͑see Sec. III B͒.
The contribution of the so-called ECC electrons is centered precisely at p e͉͉ /vϭ1 in Fig. 5 in the CDW-EIS calculations. These electrons are ejected with the same velocity as the projectile. They result in a ''kink'' ͑change of slope͒ in the momentum distribution at v. The ''kink'' in the theoretical calculations is quite clear at vϭ2.39 and 1.71 a.u. At vϭ1.15 a.u., the projectile velocity is rather small and the ECC electron contribution is mixed with that of the soft electrons. Figure 5 shows that the parallel component of the electron momentum falls most likely between the projectile and the target. This latter observation is more obvious at low velocities ͑e.g., vϭ1.71 and 1.15 a.u.͒. The reasonably good agreement between the CDW-EIS and the measurement regarding the shape and location of the electron momentum distribution shows that the CDW-EIS can provide a qualitative description of the main features of three-body ionization dynamics.
We now turn to the ionization of He by highly charged ions at comparable velocities. In ͓7͔, longitudinal electron momentum distributions were measured for ionization of He by C 6ϩ ions at vϭ1.63, 1.38, and 1.16 a.u. This is the lowenergy region where the cross section for electron transfer is larger than that of ionization by two orders of magnitude ͓38,39͔. The CDW-EIS model is not expected to work in this energy region and for these collision systems since the effect of charge transfer on the ionization is not explicitly included in the perturbative treatment. Below the CDW-EIS model was used to check how much the so-called ''two-center'' effect is reflected in such collision systems.
In Fig. 6 , we show the CDW-EIS cross sections normalized to the peaks of the measured distributions. The shapes of the momentum distributions are only moderately represented by the CDW-EIS except at the highest velocity vϭ1.63. In all cases, the CDW-EIS tend to highlight the importance of projectile center or the ECC mechanism while the first Born theory predicts that most electrons should be emitted around the target center. The three distributions shown in Fig. 6 for ionization by C 6ϩ seem to have quite different velocity dependences from the corresponding distributions for proton impact ionization. The ''pulling'' of electrons towards the highly charged projectile may indicate a strong post-collision effect. In the case of proton impact, such effects are weaker because of the lower projectile charge.
In a recent calculation for total ionization of He by C 6ϩ using the two-center close-coupling method, Wang et al. ͓23͔ found that the projectile center plays an important role. Within the same two-center basis set, projectile continuum states become more important with increasing velocity. The increasing importance of the projectile center was used to explain the observed strong onset in the ionization cross section observed by Wu et al. ͓38͔ . With decreasing velocity, the target center will eventually become important. We must keep in mind that this conclusion is obtained for low-energy ionization by highly charged ions, where the ionization probability is extremely small. When compared with the closecoupling calculation ͓23͔, the CDW-EIS often overestimates the total ionization cross section by about a factor of 2 ͓in Figs. 6͑a͒ and 6͑b͔͒. At the lowest collision velocity shown in Fig. 6͑c͒ , however, the CDW-EIS underestimates the total cross section by about a factor of 2, reflecting the rapid change of the total cross section at these low velocities.
Finally, we note that the discrepancy between the CDW-EIS and the measurement on ionization of He by highly charged ions is not because of the use of independent electron model for treating the two-electron target. As demonstrated by Wang et al. ͓23͔ in their close-coupling calculations, the independent electron approximation works rather well in predicting single ionization and single charge transfer cross sections in the C 6ϩ ϩHe collision system in the present velocity region.
IV. CONCLUSIONS
In this paper we have formulated a quantum mechanical theory for describing the momentum distributions in ionatom single ionization. Our formulation is quite general and is independent of the collision model used for calculating the transition matrix. The energy-momentum balance among the three particles is used to extract a variety of differential cross sections. The three prominent features in ion-atom ionization process ͑i.e., soft electron emission, electron capture into the projectile continuum, and projectile-electron binary collision͒ can all have signatures in the final-state momentum distributions of the projectile, the electron, and the recoiling ion. Collisions at both high and low velocities and by both low and highly charged projectiles were considered in this paper. The standard CDW-EIS theory was applied to calculate the cross sections. This theory accounts for the longrange interaction of the projectile and target Coulomb field. As a comparison, the first Born approximation, which does not take into account these refinements, was also applied. The comparison between the CDW-EIS and the Born approximations shows the importance of two-center effects. In general, the CDW-EIS theory is able to identify and describe the main features of ionization dynamics. 
